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Abstract
The BOT-22 strain of Botryococcus braunii was cultured under laboratory and outdoor conditions. Medium K was 
developed, which decreased the cost of medium preparation to 1/30th. A polycarbonate bottle (10 L) was replaced 
with a polyethylene bag for cost effectiveness. Addition of nitrogen substantially increased biomass of the strain; 
however, the hydrocarbon content remained unchanged. Growth rates of >10 L scale cultures were much lower than 
those of <200 mL scale flask cultures. BOT-22 grew well in outdoor cultures despite extensive fluctuations in 
temperature and light conditions during the day from autumn to early winter and at spring. Maximum growth rates 
obtained using a tube bioreactor were two times higher than those obtained using 10L/30L scale cultures and a dome 
bioreactor. Thus, the tube bioreactor was more efficient for utilizing the light required for photosynthesis by this 
strain.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of International 
Organizaing Committee for AOAIS-1
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1. Introduction
The colony-forming green alga Botryococcus braunii (Trebouxiophyceae, Chlorophyta) is usually 
found in fresh and brackish water environments, and it sometimes forms a dense bloom in subtropical and 
tropical regions [1, 2, 3, 4, 5, 6]. It is well known for producing a large amount of hydrocarbons [6, 7, 8, 
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9]. Because of its rich hydrocarbon content and ability to form dense blooms, B. braunii oil is regarded as 
an alternative liquid fuel for future use [10].   Similar to other photosynthetic microalgae, B. braunii 
requires CO2, light, inorganic nutrients, and water for its growth. Studies on the effects of various factors 
on the production of biomass and hydrocarbon have been mostly conducted in the laboratory with small-
scale culture systems. The important factors that affect the production of biomass and hydrocarbons were 
temperature [11, 12], salinity [12, 13, 14], photoperiod and light intensity [12, 15, 16], CO2 concentration 
[14, 17, 18, 19], nitrogen concentration [15, 20, 21], and the presence of organic carbon compounds such 
as saccharide and acetate [22, 23]. Based on this knowledge, life cycle assessments (LCA) of the entire 
process including cultivation, harvesting and dewatering, extraction, and the utilization of oils have been 
conducted using an outdoor continuous open culture system with an area of 19 ha and a depth of 30 cm. 
These processes were conducted in an empty lot at the LNG power station site, and the results indicated 
the need to increase hydrocarbon productivity in magnitude for future commercial use [24]. However, 
few studies have been conducted with B. braunii under outdoor conditions. Using tubular 
photobioreactors immersed in water for cooling, 200 L of B. braunii was cultured under outdoor 
conditions [25, 26], but the feasibility of this method at a larger scale has not been tested. Recently, mass 
culture of B. braunii was conducted under open raceway pond having a total working volume of 2,000 L, 
in which the strain used in the study had high growth rate at exponential phase but a low content of 
hydrocarbon (11% of dry weight) [27]. However, no economic evaluation has been conducted in the 
paper. A cost-effective and energy-conservation method is required for making the transition from 
laboratory culture to large-scale outdoor culture. 
Thus, we are developing a practical technology for mass cultivation and oil production using the 
BOT-22 strain of B. braunii. with high content of hydrocarbons of more than 30% of dry weight. We are 
scaling up cultivation systems of 10 L and 30 L volume cultures under the laboratory condition and of 
300 L and 500 L volume cultures under the outdoor conditions. Outdoor culture will be gradually scaled 
up to 2,000 L and 100,000 L volume cultures. 
Here we report the results obtained with 10 L scale culture experiments that were performed to reduce 
the cost of the seed culture system, including the reduction in the cost of medium preparation, effect of 
the addition of a nitrogen source on growth and hydrocarbon content, and reduction in the cost of a 10 L 
photobioreactor. We also report growth of indoor 30 L scale cultures and outdoor 300 L and 500 L scale 
cultures. 
2. Materials and Methods 
2.1. Algal strain and culture media 
BOT-22, a strain of B. braunii, was isolated from the Okinawa Prefecture, Japan. This strain was 
classified in the B chemical race of B. braunii and it produces botryococcene (C34H58) as its main 
hydrocarbon component [27]. The synthetic medium modified AF-6 was used for strain cultivation; it 
contains NaNO3 140 mg L
1, NH4NO3 22 mg L
1, MgSO4·7H2O 30 mg L
1, KH2PO4 10 mg L
1, K2HPO4 
5 mg L 1, CaCl2·2H2O 10 mg L
1, CaCO3 10 mg L
1, Fe-citrate 2 mg L 1, citric acid 2 mg L 1, biotin 2 µg  
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Fig. 1. Outdoor culture systems used for Botryococcus at the University of Tsukuba. a) 40 sets of 12 L cylindrical bioreactors 
with a 10 cm diameter and 160 cm height. b) 300 L dome bioreactor with 20 cm light path. 
 
 
L 1, thiamine HCl 10 µg L 1, vitamin B6 1 µg L
1, vitamin B12 1 µg L
1, and PIV metal solution 5 mL L 1. 
PIV metal solution contains Na2EDTA·2H2O 1 g L
1, FeCl3·6H2O 196 mg L
1, MnCl2·4H2O 36 mg L
1, 
ZnSO4·7H2O 22 mg L
1, CoCl2·6H2O 4 mg L
1, and Na2MoO4·2H2O 2.5 mg L
1. Also Medium K used in 
this experiment was prepared to be 1/1000 dilution of a modified Megasol No.2 (NOYU-SHA; 
http://www.know-you.com/) developed by Sanwa Norin Co., Ltd. 
 
2.2. Laboratory culture 
 
The BOT-22 strain was cultured in polycarbonate bottles (Nalgene, Thermo Fisher Scientific Inc., 
Waltham, MA, USA) and polyethylene bags (Logos Corporation, Osaka, Japan) with 10 L of AF-6 
medium or medium K at 25
photon m 2 s 1 at the surface of culture), which was aerated with sterile air containing 1% (v/v) CO2. The 
culture bottle was filled with medium to a depth of 30 cm from the bottom. The initial concentration of 
algal cells was adjusted to approximately 100 mg dry weight L 1. The BOT-22 strain was transferred 
from 10 L culture into a cylindrical bioreactor (18 cm diameter and 100 cm depth) with 30 L of medium 
K, around which white fluor 2 s 1 at the surface of culture) were 
positioned. The strain was cultured under the abovementioned temperature and CO2 conditions. 
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2.3. Outdoor cultures 
The cells of strain BOT-22 were inoculated from 10 L bottle cultures into a 480 L scale tube bioreactor 
system comprising 40 independent tubes (Fig. 1a) and a 300 L scale dome bioreactor (Fig. 1b). Both were 
placed in a vinyl-type greenhouse in University of Tsukuba, Ibaraki, Japan. The initial concentrations of 
algal cells were adjusted to 100–200 mg dry weight L 1. Medium K was used as the culture medium in 
both reactors. 
2.4. Determination of algal growth 
Growth was periodically monitored by measuring the optical density at 660 nm (OD660). The OD 
values were converted into dry weights using a standard curve for OD values and dry weights that was 
obtained in laboratory experiments. Samples with a high density of algal cells were diluted to 1/5, 1/10, 
1/50, 1/100, and 1/500. The OD values of the diluted samples were measured, and the samples were then 
filtered using a glass fiber filter (GF/C 25 mm diameter, Whatman), dried at 60 C for 24 h, and their 
weight was measured. Weights of the filtered samples were measured after drying at 60°C for 48 h. The 
specific growth rate (  day 1) was calculated using the following formula: (ln N2  ln N1)/(t2  t1), 
where N2 is the algal dry weight at t2, N1 is the algal dry weight at t1, and t1 and t2 are the respective times 
during the exponential phase. The doubling time was calculated using the following formula: g = ln 2/  = 
0.69/ , where g is the doubling time and 0.69 is the natural logarithm of 2. 
2.5. Hydrocarbon analysis 
Algal dry weight was gravimetrically measured using a freeze-dried sample. A test tube containing 10 
mg freeze-dried algal cells, 1 mL H2O, and 0.2 mg triacontane was prepared as an internal standard. The 
sample was shaken and suspended in 2 M KOH ethanol solution (1 mL) at 35 C for 2 h. Methanol (1 mL) 
and hexane (5 mL) were added after the reaction. The organic layer (2 mL) was dried and measured. The 
hexane fraction was analyzed using a gas chromatography flame ionization detector (GC-FID; Shimadzu 
GC-2010), GC with chemical ionization mass spectrometry (Agilent 7890A and JEOL Q-1000) using a 
fused silica DB-5MS (30 cm  0.25 mm internal diameter [ID], film thickness 0.25 µL; J&W Scientific, 
Inc.), and an InertCap 1 MS (30 cm  0.25 mm ID, film thickness 0.25 µL; GL Sciences, Inc.) capillary 
column. The GC operating conditions were as follows: column temperature, 130 C–270 C (20 C min 1), 
270 C–300 C (2 C min 1) and maintained for 8 min; FID port temperature, 320 C; carrier gas (He) flow 
rate, 2.25 mL min 1; FID H2 flow rate, 40 mL min
1; and air flow rate, 400 mL min 1. 
3. Results and Discussion 
3.1. 10 L scale laboratory cultures 
3.1.1. Development of Medium K 
The BOT-22 strain was cultured in eight bottles containing 10 L of AF-6 medium and 29 bottles 
containing medium K. All cultures were well grown and they reached the stationary phase three weeks 
after inoculation (Fig. 2). There were no significant differences in the growth curves of AF-6 medium and 
medium K. The specific growth rate ( ) was estimated as 0.056  0.006 day 1 (n = 8) and 0.064  0.023 
day 1 (n = 29) in AF-6 and medium K, respectively. Both growth rates were lower than that of the BOT-
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22 strain grown in an Erlenmeyer flask under the same culture conditions (  = 0.259) [28]. This may have 
been because of the difference in light conditions in the 10 L bottle with a 30 cm light path length and the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Comparison of Botryococcus growth in AF-6 and medium K. 
 
Fig 3. Colonies of Botryococcus braunii. a) Light micrographs of colonies. b) Fluorescent micrographs of colonies stained with Nile 
red. The yellow fluorescence under UV light indicates hydrocarbon. Blue b  
 
 
Erlenmeyer flask with 5 cm of light path length. The cost of medium K was estimated at 0.5 $ ton 1, 
which was approximately 1/20 of the cost of AF-6 medium (10.9 $ ton 1). According to Shiho [24], the 
cost of medium preparation accounts for approximately 20% of the total cost in the whole oil production 
process. In this study, a considerable cost reduction was achieved by replacing the AF-6 medium with 
medium K. In the stationary phase, the culture changed from green to yellow-green, probably because of 
a lack of nutrients. Most Botryococcus comprised a single cell or a few cells (Fig. 3a), but they appeared 
to contain a large amount of hydrocarbons (Fig. 3b). 
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Fig. 4. Comparison of growth in cultures with/without the addition of a nitrogen source (with: Lot S13; without: Lot S15). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of culture growth in polycarbonate bottles and polyethylene bags. 
 
3.1.2. Addition of nitrogen sources 
We investigated the effects of the addition of nitrogen on the growth of the BOT-22 strain in 10 L 
scale cultures. Three weeks after algal cell inoculation, the same nitrogen concentration as that in AF-6 
medium was added to the culture Lot S13 with 0.91 g dry weight L 1 and water was added every two 
weeks to maintain the volume at 10 L. At the same time, only water was added to the culture Lot S15 
with 1.06 g dry weight L 1 every two weeks to maintain the volume at 10 L. The cultures were grown 
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under continuous illumination at 100– 2 s 1 at 25 C, aerated by bubbling air containing 1% 
CO2. Lot S13 continued to grow at almost same growth rate and reached 2.86 g dry weight L
1 at 37 days 
after the addition of nitrogen (Fig. 4). In contrast, the biomass of Lot S15 did not increase and its color  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Growth in a 30 L cylindrical bioreactor. A volume of algal broth was harvested and the same volume of medium K was 
added at 8, 17, 30, 43, 62, and 66 days. 
 
gradually changed from green to yellow. This suggested that nitrogen sources were a limiting factor for 
growth in the 10 L scale culture. The hydrocarbon content varied from 16.8% to 40.6% (n = 3) in Lot S13 
and from 36.1% to 44.9% (n = 3) in Lot S15, but no significant differences were observed between the 
lots. 
3.1.3. Development of a new cost-effective culture vessel 
We tested whether 10 L polycarbonate bottles (Nalgene) measuring 23 cm in diameter and 20 cm in 
depth could be replaced with much cheaper vessels, i.e., polyethylene bag (Logos) with a 25 cm diameter 
and a 20 cm depth. Algal cells of the BOT-22 strains were cultured in both vessels with 10 L of medium 
K, under the above mentioned conditions. Identical specific growth rates were obtained in both 
cultivation vessels as shown in Fig. 5. The price of a Logos bag (approximately $30) was 1/10 of a 
Nalgene bottle (approximately $300). This new vessel is more suitable to seed cultivation for larger scale 
cultures. 
3.2. 30 L scale laboratory culture 
Algal cells of the BOT-22 strain were cultured in a cylindrical bioreactor with 30 L of medium K, 
under above mentioned conditions. Algal samples were discontinuously collected as seeds for larger scale 
cultivation and for hydrocarbon production. Specific growth rates ( ) were almost constant throughout the 
cultivation period, i.e., 0.029–0.047  (Fig. 6). These results were only slightly lower than those achieved 
in the 10 L scale cultures. 
3.3. Outdoor 300 L scale cultures using a dome bioreactor 
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A 300 L scale dome bioreactor with 20 cm depth was placed in a vinyl-type greenhouse to monitor 
the growth of B. braunii in medium K under fluctuating environmental conditions from autumn (October) 
2 s 1 at the surface of the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Growth in an outdoor 300 L dome bioreactor. The culture was initiated with 90 L medium and a further 90 L and 100 L of 
media were added at 33 and 49 days, respectively. 
 
culture during the daytime. Air temperatures fluctuated from 5 C to 50 C within a day. The temperature 
of the medium ranged from 14 C to 22 C during the experiment. Algal cells were initially inoculated into 
the dome bioreactor with 90 L of medium K and a further 90 L and 100 L medium K was added at 33 and 
49 days, respectively. Aeration was performed by bubbling with compressed air for 19 days after 
inoculation with the algal cells, followed by bubbling with air containing 1% CO2. In the dome reactor 
culture, B. braunii did not exhibit growth when bubbled with compressed air, but it exhibited growth 
when bubbled with air containing 1% CO2 (Fig. 7). Two kinds of protozoa, the other algae and a 
considerable amounts of bacteria contaminated in the culture, but their densities were low and they did 
not affect the growth of B. braunii. The daily specific growth rate ( ) of B. braunii remained almost 
constant, i.e., 0.033 and 0.041 , which was almost the same as that observed in 10 L and 30 L scale 
cultures (Figs 4 and 6) despite the low temperatures and fluctuations in temperature and light conditions. 
Although temperatures were suboptimal for growth, the addition of 1% CO2 greatly enhanced growth. 
Therefore, CO2 concentration appeared to be a limiting factor in outdoor culture. It is possible that growth 
is enhanced with higher CO2 concentrations. 
3.4. Outdoor 480 L scale culture using a tube bioreactor 
The tube bioreactor system comprising 40 tubes was placed in a vinyl-type greenhouse to monitor the 
growth of B. braunii in medium K under fluctuating environmental conditions from April 1 to May 31 
(Fig. 8). Algal cells were inoculated into each tube along with 10 L of medium K. Aeration was 
performed by bubbling with air containing 1% CO2
m 2 s 1 at the surface of the culture during the daytime. Air temperatures fluctuated between 5 C and 
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48 C during the experiment. The medium temperature ranged from 14 C to 37 C during the experiment. 
The daily specific growth rate ( ) of B. braunii was 0.086, which was slightly higher than laboratory 
cultures (Figs 4 and 6). 
 
 
Fig. 8. Growth in a tube bioreactor. A volume of algal broth was harvested and the same volume of medium K was added at 21 day. 
4. Conclusions 
The maximum growth rate ( 0.086) of the BOT-22 strain of B. braunii was obtained in a tube 
reactor, where it was approximately two times higher than the maximum growth rates of laboratory 10 L 
and 30 L scale cultures and of the outdoor 300 L dome bioreactor. The diameter of the tube bioreactors 
was 10 cm, and it could receive light of various intensities from various angles. Therefore, the tube 
bioreactor is the most efficient method for utilizing the light required for photosynthesis by this strain. 
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